The mineral-respiring bacterium Shewanella oneidensis uses a protein complex, MtrCAB, composed of two decaheme cytochromes, MtrC and MtrA, brought together inside a transmembrane porin, MtrB, to transport electrons across the outer membrane to a variety of mineral-based electron acceptors. A proteoliposome system containing a pool of internalized electron carriers was used to investigate how the topology of the MtrCAB complex relates to its ability to transport electrons across a lipid bilayer to externally located Fe(III) oxides. With MtrA facing the interior and MtrC exposed on the outer surface of the phospholipid bilayer, the established in vivo orientation, electron transfer from the interior electron carrier pool through MtrCAB to solid-phase Fe(III) oxides was demonstrated. The rates were 10 3 times higher than those reported for reduction of goethite, hematite, and lepidocrocite by S. oneidensis, and the order of the reaction rates was consistent with those observed in S. oneidensis cultures. In contrast, established rates for single turnover reactions between purified MtrC and Fe(III) oxides were 10 3 times lower. By providing a continuous flow of electrons, the proteoliposome experiments demonstrate that conduction through MtrCAB directly to Fe(III) oxides is sufficient to support in vivo, anaerobic, solid-phase iron respiration.
D
issimilatory metal-reducing bacteria such as Shewanella oneidensis can thrive in anaerobic environments by coupling the intracellular oxidation of electron donors to the respiratory reduction of a variety of external electron acceptors, notably solidphase Fe(III) and Mn(IV) minerals and the soluble radionuclides U(VI) and Tc(VII) (1) (2) (3) (4) . Electrons generated during metabolism of organic molecules, such as lactate, are transferred out of the cell to the surface of the mineral. A mechanism that selectively transports electrons across the outer membrane is key to this function. This is known as the metal reducing (Mtr) extracellular electron transfer pathway (5) . Mtr pathways, also used by other Fe(III)-reducing bacteria, e.g., Geobacter metallireducens (3), and the Fe(II)-oxidizing bacterium Sideroxydans lithotrophicus ES-1 (6), use a porin-cytochrome complex in which a transmembrane β-barrel binds one or more multiheme cytochromes that transfer electrons across the membrane via a network of hemes. In S. oneidensis and other metal-reducing members of Shewanella, this function is performed by an MtrCAB complex (5, 7) . MtrA is an outer-membrane, periplasm-exposed, decaheme cytochrome (8) ; MtrB is predicted to be a 28-β-strand transmembrane porin (9) ; and MtrC is an extracellular, surface-exposed, decaheme cytochrome (10) . Biochemical characterization of this complex indicates that MtrB functions as the transmembrane sheath into which both MtrC and MtrA are partially inserted (7, 11) . The arrangement of the two cytochromes within MtrB is proposed to be close enough to allow electron exchange between the hemes of both cytochromes, thus forming an efficient electron transfer conduit through the outer membrane of the cell (7) .
The spectroscopic and biochemical properties of MtrA and MtrC have been established, and structures of the MtrC family members MtrF and undecaheme A (UndA) have allowed the generation of MtrC homology models (12, 13) . The exposure of MtrC and the partnering outer-membrane cytochrome A (OmcA) on the cell surface is well documented (14) . Microscopic imaging of cell exteriors labeled with an MtrC-specific antibody showed surface-exposed MtrC colocalized with cell-associated iron precipitates (15) . It also has been reported that purified MtrC can bind tightly to hematite (α-Fe 2 O 3 ) (16) . In support of electron transfer by direct contact, studies of S. oneidensis grown on an Fe(III) oxyhydroxide mineral surface showed the bacterial cells were associated with Fe(II)-enriched areas (17) .
However, in vitro studies of the electron transfer rates between isolated MtrC and Fe(III) oxide minerals are two to three orders of magnitude lower than the rate of Fe(II) release from minerals incubated with S. oneidensis cultures expressing a known concentration of MtrC (15, 18) . These observations led to the conclusion that MtrC was incapable of directly transferring electrons to solid-phase Fe(III) minerals at rates that might account for activities in S. oneidensis cultures (18) . Consequently, mediated electron transport involving flavin compounds has been put forward as the dominant mechanism. However, the in vitro rates were determined by measuring the change in absorbance as the reduced MtrC became reoxidized in the presence of a mineral substrate, limiting the analysis to measuring the transfer of 10 electrons from the 10 hemes of the isolated protein. This is not the situation in vivo, where electrons produced inside the cell must be passed out continuously through the membrane using MtrCAB to carry the charge. The multiple heme groups of MtrA and MtrC are aligned closely so that electronic couplings between them allow electrons to traverse a long chain of hemes rapidly via a redox-driven mechanism (19, 20) .
To resolve the important issue of the competence of direct electron transfer at the microbe-mineral interface, an experimental system that can supply a continuous flow of electrons to MtrC is required. To provide this system, we have turned to a proteoliposome model that allows the intact, membrane-bound MtrCAB complex to transport electrons continuously between electron donors and acceptors separated by a lipid bilayer and uses internalized methyl viologen (MV) as a redox indicator and reservoir for electrons (7, 21) . First, we establish that MtrCAB inserts into liposomes with MtrC facing the exterior and then show that MtrC is required for electron transfer to insoluble Fe(III) oxides and calculate that, in contrast to counterarguments in the literature, the resulting electron transfer reactions indeed are kinetically competent to account for published rates of electron exchange between S. oneidensis and Fe(III) minerals.
Results

Topology of MtrCAB in Proteoliposomes.
To validate MtrCAB proteoliposomes as models for in vitro electron transfer kinetics in systems with a continuous supply of low-potential electrons, the topology of MtrCAB in the proteoliposomes was investigated. Previous studies on S. oneidensis used proteinase K susceptibility to demonstrate the cell-surface exposure of MtrC and OmcA (22) . Analyses with immunogold localization and functionalized atomic force microscopy also showed the surface localization of MtrC and OmcA (15, 23) . Here, hybridization with gold-labeled MtrC antibodies demonstrated that MtrC also is exposed on the surface of the MtrCAB proteoliposomes (Fig.  1A) . In contrast to the MtrC antibody, MtrA antibody failed to hybridize to the proteoliposome surface, establishing that MtrA was not exposed. In agreement with results of immunogold localizations, proteolysis followed by heme-stained SDS/PAGE showed that MtrC was susceptible to proteinase K digestion but MtrA was not (Fig. 1B) . This establishes that MtrCAB inserts into the lipid bilayer with MtrC exposed on the liposome surface and MtrA facing the interior.
After proteolysis, ultracentrifugation was used to separate the peptide fragments cleaved from the exposed liposome surface from the fragments associated with the liposome membrane and interior. This process allowed the susceptibility of MtrB to proteinase K to be investigated. The MtrB amino acid sequence was analyzed using PRED-TMBB, a web-based software tool for predicting topology and β-strands of outer membrane porins based on hidden Markov modeling (24) . MtrB was predicted to have a 33-amino acid solvent-exposed N terminus followed by 28 β-strands that form a transmembrane β-barrel domain with solvent-exposed loops emerging on opposites sides of the lipid bilayer ( Fig. 2A) . This model results in 14 long and 13 short solvent-exposed loops on opposite sides of the lipid bilayer, with the N-terminal domain located on the same side as the short solvent-exposed loops. If the N-terminal domain were exposed on the exterior surface of the membrane, it would be susceptible to proteolysis by proteinase K. Immunoblotting was performed to identify MtrB fragments in the supernatant removed from the digested proteoliposomes. This specifically identified a lowmolecular weight peptide with affinity for an antibody to the Glu 23 -Cys 44 region of MtrB (Fig. S1 ). This band corresponds to the N-terminus peptide that had been cleaved and separated from the proteoliposome, indicating the N terminus of MtrB is exposed on the external surface of the lipid membrane.
The protein retained in the liposome pellet after proteinase K digestion was ethanol precipitated, solubilized, and digested with specific proteases to produce smaller fragments with known cleavage sites that could be analyzed by electrospray ionisation tandem mass spectrometry. The Mascot database was used to identify peptide fragments that aligned with regions of the MtrB sequence (Table S1 ). After trypsin digestion, nine overlapping MtrB fragments cleaved at carboxyl sides of lysine or arginine at both ends were identified. These fragments all were associated with long solvent-exposed loops or transmembrane β-strands, showing these regions were retained in the lipid bilayer and thus protected from proteinase K (Fig. 2B and Fig. S2 ). This indicates the long solvent-exposed loops face the interior of the liposome. In addition, 30 semicleaved peptides that had been cleaved by a specific protease at one end, and nonspecifically at the other, were identified (Table S1 ). The regions associated with semicleaved peptides also are highlighted in Fig. 2B . It is assumed the nonspecific cleavage sites resulted from the original digestion with proteinase K. Most of the nonspecific cleavage sites were found in positions on β-strands that indicated proteinase K had cut in or close to the short solvent-exposed loops. This shows Proteoliposomes treated with proteinase K at 37°C and analyzed by SDS/PAGE stained for heme. Lanes: 1, molecular markers with weights as shown; 2, MtrCAB proteoliposomes before addition of proteinase K; 3-5, MtrCAB proteoliposomes incubated with proteinase K for 2, 5, and 10 min, respectively; 6 and 7, isolated MtrA before and 2 min after incubation with proteinase K; 8 and 9, horse heart cytochrome c encapsulated inside phosphatidylcholine liposomes, before and after incubation with proteinase K. (24) . The N-terminal domain and predicted short solvent-exposed loops are displayed in green, the 28 predicted β-strands in red, and the long solvent-exposed loops in blue. (B) Annotated sequence of MtrB. The N-terminal domain and predicted short solvent-exposed loops are displayed in bold green. The 28 predicted β-strands are numbered sequentially and displayed in red bold italics. The long solvent-exposed loops are shown in blue italics. Lines above and below the sequence correspond to peptide fragments identified in Table S2 . Line color corresponds to fragments identified after specific protease digestion: black, trypsin; blue, AspC; green, GluC; red, LysC and AspN. Protease-specific cleavage sites are shown by ← or →, whereas nonspecific cleavage sites are shown by •. Individual cleavage sites are shown in Fig. S2 .
that the short solvent-exposed loops are located on the same side as the N-terminal domain, exposed on the liposome surface.
Soluble MtrA, prepared without MtrB, was digested rapidly by proteinase K, whereas soluble cytochrome c located inside proteoliposomes was not (Fig. 1B ). These results demonstrate that when MtrA is associated with MtrB in MtrCAB proteoliposomes, it is exposed only to the aqueous interior and must be heavily protected from proteolysis on the outer surface of the liposomes by its insertion inside MtrB. These experiments support a model for the MtrCAB membrane assembly in which MtrC is exposed extensively on the surface of the liposome, interacting with the short loops of MtrB, whereas most of MtrB is either associated with the membrane or interacting with MtrA via the extensive long loop regions on the inside of the membrane. Having established that the topology of MtrCAB in the proteoliposomes places MtrC on the external surface, the importance of the decaheme cytochrome for electron transfer to soluble and insoluble Fe(III) was addressed by comparing electron transfer rates from MV
•+ encapsulated in proteoliposomes prepared with different components of the MtrCAB complex. MtrCAB proteoliposomes containing internalized MV 2+ were incubated anaerobically with sodium dithionite to generate the internalized MV
•+ (21). The proteoliposome suspension was monitored at 606 nm until the absorbance reached a plateau ∼10 min after the addition of dithionite (Fig. 3A) . The reduced, intact proteoliposomes were stable, with less than 3% of the internalized MV being released into the surrounding buffer within 1 h (21). In contrast, no significant reduction was observed when sodium dithionite was added to liposomes alone or to liposomes with only MtrC incorporated (Fig. 3A) . It was possible to prepare proteoliposomes containing membrane-associated MtrAB using purified MtrAB complex (11) or by digestion of surface-exposed MtrC from MtrCAB liposomes using proteinase K (Fig. 1B) . In both preparations, addition of dithionite to MtrAB proteoliposomes resulted in an initial increase in absorbance that plateaued within 10 s and the MV
•+ was only 16% of the total internalized MV, determined by lysis of a portion of the same MtrAB proteoliposome preparation (Fig. 3A) . Thus, when only MtrAB was present, the transmembrane electron transfer to MV observed was less efficient than that observed for MtrCAB proteoliposomes.
Addition of 1 mM Fe(III) citrate to a stirred suspension of reduced MtrCAB proteoliposomes triggered an instant decrease in absorbance at 606 nm, caused by reoxidation of the internal MV
•+ to MV 2+ ( Fig. 3 B and C). Addition of Fe(III) citrate to reduced MtrAB proteoliposomes also caused reoxidation of MV
•+ to MV 2+ (Fig. 3D ), indicating that Fe(III) citrate can be reduced directly by either MtrCAB or MtrAB in membranes. The rate of MtrCAB-mediated electron transport increased with increasing concentration of Fe(III) citrate, in the range 100-1,000 μM (Fig. 3B ). These experiments demonstrate that in the presence of soluble redox partners, electrons are transported bidirectionally across the lipid bilayer via MtrCAB and MtrAB. The experiments were repeated, adding goethite (α-FeOOH; GT) particles, in place of Fe(III) citrate, to either prereduced MtrCAB or MtrAB proteoliposomes. A rapid decrease in absorbance at 606 nm was observed for reduced MtrCAB proteoliposomes upon exposure to goethite particles (Fig. 3C ), but not for reduced MtrAB proteoliposomes, in which after an increase caused by light scattering from the added particles, the absorbance of reduced MV
•+ remained relatively stable over the course of the experiment (Fig. 3D ). This observation indicates that surface-exposed MtrC is required for electron transfer to insoluble goethite particles.
Kinetic Studies of Electron Transfer to Fe(III) Minerals from MV
•+ in MtrCAB Proteoliposomes. MtrCAB proteoliposomes containing MV •+ were used further to investigate interactions with different Fe(III) oxide substrates. Suspensions of insoluble Fe(III) oxides were prepared anaerobically and characterized as previously described (25) (26) (27) (Table 1) . Addition of nanoparticles of goethite, lepidocrocite (γ-FeOOH; LEP), and hematite (α-Fe 2 O 3 ; HT) caused a rapid decrease in absorbance at 606 nm, showing that electrons from MV
•+ were transported out of MtrCAB proteoliposomes in the presence of all three Fe(III) oxide phases (Fig. 4A ). The concentration of MV
•+ and MtrCAB measured in the assay mixture was 42 μM and 0.5 nM, respectively, indicating that each MtrCAB complex could transport ∼80,000 electrons (e) through the liposome outer membrane. The initial rate of electron transfer through MtrCAB to mineral particles (r p ) was on the order of 10 3 e per second per MtrCAB for all three minerals ( Table 1) . The rates observed are ∼10 6 times faster than those observed previously from single-reduction turnover studies with purified MtrC (18) .
Chemical reduction of ferric minerals causes the release of ferrous ions from the surface of the mineral (25) . After complete oxidation of MV
•+ , the concentration of soluble Fe(II) in the assay mixture was measured. An average of 38 ± 4 μM aqueous Fe(II) was produced from the release of electrons from 42 ± 2 μM MV
•+ trapped inside the proteoliposomes (Fig. 4A, Inset) . Within experimental error, this interaction is stoichiometric, indicating that all the electrons transfer quickly and directly across both the lipid membrane and the proteoliposome/mineral interface to reduce Fe(III). This indicates that the electrons transferred from the MtrCAB proteoliposomes were directly responsible for reducing the mineral, causing the dissolution of Fe(II) from the mineral surface.
To confirm that direct contact between MtrCAB and the mineral surface was responsible for the observed oxidation of MV
•+
, it was necessary to show that there were no other reagents present that might mediate electron transport between MtrC and the proposed electron acceptor. Control experiments, described in Fig. S3 , demonstrated that over 95% of the MV remained inside the MtrCAB proteoliposomes after incubation with GT (Fig. S3A) , trace amounts of MV external to the liposomes did not mediate electron transfer (Fig. S3B) , and addition of soluble Fe(II)Cl 2 did not alter the rate of MV
•+ oxidation (Fig. S3C) . However, the observed rate of internalized MV
•+ oxidation was altered if the proteoliposome suspension contained an excess of sodium dithionite after reduction (Fig. S2D) . Therefore, for the kinetic studies reported here, the addition of sodium dithionite was stoichiometric with the MV content and the mineral suspension was not added until reduction of the internalized MV 2+ was complete. These precautions ensured the dithionite was fully reacted before the mineral was added. Using this method, without mineral additions the proteoliposomes remained in a reduced state for >15 min and once the mineral was added showed an initial linear rate of MV
•+ oxidation (Fig. S3D) . In all experiments, the mineral concentration was in excess of both MtrCAB and MV concentrations, as the final Fe(II) concentration did not exceed 20% of the initial Fe(III) concentration.
The mineral oxide particles used in these studies have different morphologies, and the concentration of reducible Fe(III) depends on various factors, including surface area and redox potential, that affect the accessibility of Fe(III) to reduction. The BrunauerEmmett-Teller (BET) adsorption-desorption method was used to measure the surface area of each Fe(III) oxide so that the rate of MV oxidation per unit area could be determined (Table 1) . Within the 100-200-μM Fe(III) range, the rate was approximately first order with respect to surface area ( Fig. 4B and Table S2 ). The initial rates of electron transfer from MV encapsulated in MtrCAB proteoliposomes to mineral particles expressed per unit surface area (r Fe ) ranged from 0.88 to 2.35 μmol·e·m
, with GT and HT reacting more slowly than LEP. Control experiments were performed to determine reaction rates between the Fe(III) minerals and MV
•+ free in solution. The rates measured for solution MV
•+ oxidation were greater than those observed in the liposome experiments, with rates of electron transfer from MV
•+ in proteoliposomes ranging from 38% to 65% of the values found with MV
•+ free in solution (Table S2) .
Discussion
In vivo, bioelectrochemical experiments have shown the entire Mtr pathway is required to enable S. oneidensis MR-1 biofilms to donate electrons to and accept electrons from extracellular electrodes (28, 29) . Electrodes were not reduced by MR-1 mutants that lacked MtrC. However, in cell suspension assays, MtrClacking strains reduced flavins at 50% the rate observed with the wild-type MR-1 (28) . Using the proteoliposome system, we demonstrated that electrons can be transferred directly from MtrCAB to solid-phase Fe(III) oxides only when the entire MtrCAB complex is inserted. In the presence of soluble redox donors/acceptors, there is limited electron transport via MtrAB, but the complete MtrCAB complex is required to transfer electrons between the outer membrane complex and insoluble mineral phases. Proteolytic digestion of MtrCAB proteoliposomes confirmed that MtrB is oriented with the N-terminal region and short solvent-exposed loops on the external surface of the MtrCAB proteoliposomes where MtrC is located. Therefore, MtrC must associate with the exposed surface of MtrB, whereas MtrA will be embedded within the MtrB barrel and the long solvent-exposed loops of MtrB that extend into the periplasmic space will interact with the surface of MtrA (Fig. 5) . Both Hartshorne et al. (7) and Schicklberger et al. (30) found that correct expression of both MtrA and MtrB was required for their incorporation into the outer membrane of S. oneidensis. This unusual dependence suggests that MtrB does not insert into the membrane as a typical porin and that currently available predictive algorithms for porin topology may not predict the topology of porin-cytochrome complexes correctly.
The pore diameter formed by MtrB is estimated to be 30-40 Å, and small-angle X-ray scattering analysis shows MtrA has a long, elliptical structure (5, 31) . With dimensions of ∼104 Å × 20 Å × 40 Å, MtrA is predicted to insert inside MtrB (5). Homology modeling based on the structures of MtrF and UndA suggests that MtrC will comprise four domains arranged in an elliptical conformation with approximate dimensions of 85 Å × 70 Å × 30 Å (12, 13). This would be too large to fit fully into the MtrB barrel, so its association with MtrAB must be near the membrane surface, leaving most of MtrC externally exposed. For MtrA to make electrical contact with redox partners within the periplasm and MtrC simultaneously, much of its length must be inserted inside the MtrB pore that spans the bacterial outer membrane width of ∼40-50 Å. Thus, it is feasible that in the absence of MtrC, small, soluble substrates would be able to penetrate far enough into the MtrB porin to make electrical contact with the heme chain in MtrA. This mechanism would not be possible for Fe(III) mineral phases whose size and shape would sterically hinder their entry into the MtrB porin. Therefore, before electron transport can take place, these particles would make contact with the surfaceexposed MtrC that completes the electrical connection through MtrCAB to the cell interior. Structural studies of the MtrC homolog, MtrF, revealed two solvent-exposed hemes situated at opposite ends of a staggered octaheme chain, inferring one of these hemes contacts MtrA to accept electrons from the cell, whereas the other acts as an egress site for transfer of electrons to closely associated mineral material (12) . Theoretical studies have estimated potential charge transfer rates through MtrF using the distances between the hemes in the octaheme chain to calculate theoretical electron-hopping rates between redox sites (20) . Assuming edge-to-edge interheme spacings of <0.7 nm, an average charge transfer rate of 10 3 -10 4 e·s −1 is predicted. This is consistent with the rates (1.1 × 10 3 to 8.5 × 10 3 e·s −1 ) observed here for the transfer of electrons from the interior of proteoliposomes through MtrCAB to externally located Fe(III) oxides. The order of surface area-normalized reactivity for MtrCAB proteoliposomes with the Fe(III) oxides (GT < HT < LEP) is the same as that observed for reduction by S. oneidensis cultures (26, 27) . LEP is the most reactive owing to higher redox potential and site density; this is reflected equally in reaction rates observed with bacteria and with MtrCAB proteoliposomes. Electrons are driven across the lipid bilayer through the MtrCAB complex at rates approaching that of the reduction of the Fe(III) oxides by MV
•+ diffusing freely in solution. This shows the electron transfer is impeded little by passage through the protein complex or the complexities of interfacial engagement between MtrC and the oxide surface.
Metabolism in the cytoplasm of living cells involves the redox couple NAD + /NADH, which has a midpoint potential of E 0′ = −0.32 V. The redox couple in the proteoliposome system MV 2+ / MV
•+ has a potential of E 0′ = -0.45 V. This drives the rapid transfer of electrons from the interior of MtrCAB proteoliposomes to externally located Fe(III) oxides in the absence of any extravesicular intermediates, providing direct evidence that the MtrCAB complex can transfer electrons rapidly to extracellular solids through direct interaction. The difference in rates measured using reduced solubilized MtrC and MtrCAB embedded in a proteoliposome cannot be explained completely by differences in redox potential, as the lowest potential MtrC heme has an approximate E 0′ of −0.4 V (10). The orientation of MtrC on the liposome surface likely causes a kinetically favorable association with the mineral, whereas solubilized MtrC might interact with the mineral surface in different orientations that prevent efficient electron transfer. Normalized to protein concentration, the electron transfer rates were determined as 1,133, 1,317, and 8,500 e·s −1 for GT, HT, and LEP respectively. Ross et al. (18) estimated the rate of Fe(III) reduction by MtrC and OmcA during bacterial respiration and found the maximal rate to be ∼5 e·s −1 . Thus, the observed rate of electron transport through MtrCAB in the proteoliposome experiments shows that with a suitable potential difference across the lipid bilayer, the rate of conduction through the protein complex is two to three orders of magnitude higher than that observed in S. oneidensis cultures and therefore is sufficient to support in vivo, anaerobic, solid-phase iron respiration. Ongoing research seeks to quantify these rates at physiologically relevant redox potentials using different electron donors in the liposome.
This research provides a working model to study how the MtrCAB complex conducts electrons from the periplasm to externally located solid-phase electron acceptors. MtrAB transports electrons across the outer membrane, and the exposed MtrC domain facilitates electron exchange between the electrons accumulating in the MtrAB complex and the insoluble substrates that function as extracellular electron acceptors. This research also shows that MtrCAB can donate electrons to solid surfaces through direct contact, indicating this mechanism can contribute to extracellular mineral reduction alongside others, such as flavin-mediated electron transfer (5) . Research now may progress to investigate the viability of mechanisms such as flavin-mediated electron transfer between bacteria and extracellular minerals.
Materials and Methods
Preparation of Proteoliposomes for Electron Transfer Experiments. MtrCAB, MtrC and MtrAB proteoliposomes were prepared as previously explained (7, 21) and described in detail in the in SI Materials and Methods. For anaerobic redox experiments, aliquots of proteoliposome suspensions were diluted 10-fold in 50 mM Hepes, 2 mM CaCl2, 10 mM KCl, pH 7 buffer and transferred into an anaerobic cabinet. All measurements were performed inside the anaerobic cabinet with suspensions stirred continuously at 200 rpm. The reducing agent, anaerobic sodium dithionite solution, was added to the stirred suspension and the absorbance monitored at 606 nm. The total MV content was determined by the addition of 1% triton-X100 that disrupted the lipid bilayer allowing full reduction of the internalised MV. The concentration of MV •+ was determined using an experimentally determined extinction coefficient 606 = 11500 M −1 cm −1 . For kinetic studies of electron transfer to Fe(III) oxides reduced proteoliposomes were prepared by addition of sodium dithionite that was stoichiometric with the MV content. The mineral suspension was added after 10 minutes, by which time the absorbance at 606 nm had plateaued. Strictly anaerobic conditions were maintained throughout. Initial rates were analyzed and determined as described in SI Materials and Methods.
Hybridization with MtrC and MtrA Antibodies. Immuno-TEM experiments were performed as previously described (32) and detailed in SI Materials and Methods.
Protease Digestion of Proteoliposomes. Proteoliposomes containing 100 nM MtrCAB were incubated for 5 min with 100 nM proteinase K at 37°C. After chilling, the mixture was immediately centrifuged at 280,000 × g for 40 min at 4°C. The supernatant was removed and concentrated by lyophilisation prior to Immuno-blot analysis using antibodies for two MtrB peptides; Glu23-Cys44 and Asn77-Phe89 (32). The pellet was re-suspended and incubated with ice-cold ethanol for 30 minutes then centrifuged at 16,000 × g for 15 min. The ethanol was removed and the precipitated protein dried before analysis by SDS PAGE. This protein sample was submitted to the John Innes Centre Proteomics Facility where it was resolublised and digested with different endopeptidases, either trypsin, AspN, GluC or LysC. These digested peptide fragments were examined using liquid chromatography-tandem mass spectrometry (LC-MS/MS). Identified mass fragments were analyzed against the primary protein sequence database of MASCOT (www.matrixscience.com). Identified peptide fragments were rated according their Ions score, which is the probability that the observed match is a random event, and the Expectation-value, which gives the number of times an equal or higher score would be expected purely by chance.
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SI Materials and Methods
Preparation of Fe(III) Oxides. Lepidocrocite, hematite, and goethite suspended particles were synthesized according to methods of Schwertmann and Cornell (1) . In brief, lepidocrocite was synthesized by air oxidation of an FeCl 2 solution at pH 6.9 at room temperature. Goethite was synthesized from an alkaline system at 70°C for 60 h. Hematite was synthesized by forced hydrolysis of FeCl 3 solution under acidic conditions at 98°C for 10 d. These suspensions were centrifuged and resuspended in distilled deionized water for eight repetitions to remove soluble electrolyte cations and anions. The X-ray diffraction patterns of lepidocrocite, goethite, and hematite matched the International Centre for Diffraction Data (ICDD) references exactly without detectable impurities. Transmission electron microscopy revealed that lepidocrocite particles were lathlike, with length ranging from 100 to 300 nm and width ranging from 10 to 50 nm, and a Brunauer . Hematite particles were well-defined, rounded crystals with a diameter of 30-50 nm and a BET surface area of 34 m 2 ·g −1 . The concentration of soluble Fe(II) produced by electron transfer from proteoliposomes was determined using the ferrozine assay (2).
Preparation of Proteoliposomes. Samples of the porin-cytochrome complex MtrCAB and component proteins were purified as described previously (3). A 10 mg ml −1 phosphatidylcholine suspension (Sigma-Aldrich) prepared in 50 mM Hepes, 2 mM CaCl 2 , 10 mM methyl viologen, pH 7 was extruded through a 0.1 μm membrane and frozen at −80°C. After thawing the suspension was sonicated (3 × 40 seconds). Valinomycin and purified protein (in 20 mM Hepes, 100 mM NaCl, 2% vol/vol triton × 100, pH 7.6) were added to give concentrations of 100 nM and 10 nM, respectively. This mixture was subjected to 2 freeze/thaw cycles. 0.25 g ml −1 Biobeads (Biorad) were added and the mixture gently shaken for 1 hr at 4°C to remove detergent. The supernatant suspension was centrifuged to pellet the proteoliposomes (280,000 × g for 40 mins at 4°C), the supernatant was removed and the pellet resuspended in pH7 buffer containing 50 mM Hepes, 2 mM CaCl 2 , 10 mM KCl. This pelleting and resuspending procedure was performed three times.
Hybridization with MtrC and MtrA Antibodies. MtrCAB proteoliposomes were incubated with MtrC or MtrA specific sera followed by a gold-conjugated secondary antibody (Electron Microscopy Sciences, Hatfield, PA). Negative controls included incubation with pre-immune serum, omissions of either primary or secondary antibodies and incubation of liposomes lacking MtrABC with primary antibody. The grids with proteoliposomes were examined at 120 kV using a Tecnai T12 transmission electron microscopy (TEM) equipped with LaB6 filament (FEI, Hillsboro, OR). Images were digitally collected and analyzed using Digital-Micrograph software (Gatan, Inc., Pleasanton, CA USA).
Calculation of Methyl Viologen Oxidation Rates. The initial rates (r o , μM·e·s −1 ) of methyl viologen (MV) oxidation after addition of Fe(III) mineral are listed in Table S2 . For each measurement, a linear least-squares fit with an R 2 value >0.95 was obtained from the initial 50% loss in absorbance at 606 nm, corresponding to the oxidation of ∼20 μM MV
•+ .
The oxidation of MV
•+ internalized in MtrCAB containing proteoliposomes also was calculated per molecule of MtrCAB. The MtrCAB concentration was measured for each batch of proteoliposomes by Western blot analysis using an MtrCspecific antibody. The band intensity of MtrC from solubilized proteoliposomes was compared with a set of MtrCAB standards and was diluted to 1.0 or 0.53 nM in the assay mixture, as indicated. The rate of electron transfer from MV
•+ through the MtrCAB complex (r p , e·s −1 ) was calculated using Eq. S1, where
The rates of MV oxidation with respect to insoluble Fe(III) oxide surface area (r Fe , μmol· e·m −2 ·s −1 ) were calculated using Eq. S2:
where iron oxide surface area concentration (m 2
•L −1 ) for each specific iron oxide was calculated using Eq. S3: Table S1 . sAsp, sTrp, and sGlu correspond to semispecific fragments digested with AspN, trypsin, and GluC. sLGL and sLAL correspond to semispecific fragments digested with both LysC and GluC, or LysC and AspN. Protease-specific cleavage sites are shown by ← or →, whereas nonspecific cleavage sites are shown by "•". Ions score = −10 × Log(P), where P is the probability that the observed match is a random event. 
